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ABSTRACT

Instrumental seismic catalogues are an essential tool for the zonation of
the territory and the production of seismic hazard maps. They are also a
valuable instrument for detailed seismological studies regarding active
volcanoes and, above all, for interpreting the magma dynamics and the
evolution of eruptive phenomena. In this paper, we show the first instru-
mental earthquake catalogue of Mt. Etna, for the period 2000-2010, with
the purpose of producing a homogeneous dataset of 10 years of seismo-
logical observations. During this period, 16,845 earthquakes have been
recorded by the seismic network run by the Istituto Nazionale di Geofisica
and Vulcanologia, Osservatorio Etneo, in Catania. A total of 6,330 events,
corresponding to approximately 40% of all earthquakes recorded, were lo-
cated by using a one-dimensional V, velocity model. The magnitude com-
pleteness of the catalogue is equal to about 1.5 for the whole period, except
for some short periods in 2001 and 2002-2003 and at the end of 2009. The
reliability of the data collected is supported by the good values of the main
hypocentral parameters through the time. The spatial distribution of seis-
micity allowed the highlighting of several seismogenetic areas character-
ized by different seismic rates and focal depths. This seismic catalogue
represents a fundamental tool for several research aiming to a better un-

derstanding of the behavior of an active volcano such as Mt. Etna.

1. Introduction

Mt. Etna is one of the most active volcanoes in the
world and, for this reason, it is considered by the scien-
tific international community as one of the most in-
triguing natural laboratories for the understanding of
eruptive processes and magma uprising. It is located in
eastern Sicily (southern Italy), in a region of great geo-
logical and structural complexity, where the Maghrebian
Chain, the Hyblean Foreland and the extensional fea-
tures of the western boundary of the Ionian basin are
identified (Lentini et al. [1994], Faccenna et al. [2001],
Catalano et al. [2008]; see inset in Figure 1). The tectonic

setting of Mt. Etna area results from a complex inter-
action between regional stress, gravity forces and dike-
induced rifting [Borgia et al. 1992, Lo Giudice and Rasa
1992, Monaco et al. 1997, Borgia et al. 2000, Neri et al.
2004, Walter et al. 2005].

In this framework, the major regional structural
lineaments play a key role in the dynamic processes of
the volcano [Bonaccorso et al. 1996, Gresta et al. 1998].
These lineaments, which mostly coincide with two re-
gional structural trends (NE-SW and NNW-SSE), are
recognized also within the volcanic edifice and are hy-
pothesized to be the main seismogenic structures (Bo-

Figure 1. Schematic map of the main faults on Mt. Etna (modified
from Azzaro et al. [2012]). In the inset: tectonic setting and main
geological units of eastern Sicily and southern Calabria; grey lines
indicate the main regional structural lineaments. PPES = Pernicana
Provenzana Fault System; C.C. = Central Craters; SEC = South East
Crater; TFS = Timpe Fault System; VdB = Valle del Bove.
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naccorso et al. [1996], Gresta et al. [1998]; Figure 1). In
addition, Mt. Etna is characterized by many active tec-
tonic structures, mostly located in the eastern and
south-eastern flanks of the volcano, also near intensely
urbanized areas, both with surface evidences (e.g.
Provenzana Pernicana Fault System (PPFS), Timpe
Fault System (TFES); Azzaro et al. [2012]; Figure 1) and
buried faulting. Looking at the seismicity of the vol-
cano, it is characterized by a high rate of earthquakes
of low and moderate energy; sometimes it occurs in
form of swarms rather than with a mainshock-fore-
shock distribution [Patané et al. 2004]. Owing to the
shallowness of the source, the most energetic events
caused in the past severe damages to towns nearby the
epicentral area [Azzaro 2004, Patané et al. 2004].

In the considered time interval (2000-2010), differ-
ent kinds of volcanic activity have characterized the
volcano [Allard et al. 2006]. In 2000 a series of 66 parox-

kilometers

Figure 2. Two seismic network configuration over the time: (a) Po-
seidon Project (1994-2000); (b) Istituto Nazionale di Geofisica e Vul-
canologia - Osservatorio Etneo - Sezione di Catania (INGV-OE;
2001- present day). Black dots and triangles indicate one and three
component seismic stations, respectively.

ysmal eruptive episodes occurred at the South-East
Crater (SEC) with fire-fountains and eruption columns
and extensive lava flows [Alparone et al. 2003]. Subse-
quently, two highly explosive and destructive flank
eruptions took place in 2001 [Behncke and Neri 2003]
and 2002-2003 [Andronico et al. 2005] in the southern
and northeastern flanks of the volcano, followed by a
passive flank eruption in 2004-2005 [Burton et al. 2005].
The 2006 was marked by the reactivation of the South-
East Crater (SEC) with lava flow effusions and a vigor-
ous Strombolian activity [Behncke et al. 2008, Andro-
nico et al. 2009, Behncke et al. 2009]. In the 2008 a new
eruption initiated with a system of eruptive fissures
propagating SE from the summit craters toward the
western wall of the Valle del Bove (VdB) [Cannata et
al. 2009, Bonaccorso et al. 2011].

From the seismological point of view the most rel-
evant energy releases occurred during the eruption of
July 2001, during the eruption of October 2002 and on
December 2009 during an important seismic sequence
occurred in the northwestern side of the volcano.

Usually, local networks cover areal dimensions
that do not exceed a few hundred square kilometers,
with distance between stations of few kilometers. In
active volcanoes, local seismic networks are of great
importance since they provide the opportunity to ex-
tend the capacity of detection, and consequently of the
location, of low magnitude seismic events and, there-
fore, to increase considerably the resolving power of
the seismic network [Gambino et al. 2009, Rapisarda
et al. 2009, Moretti et al. 2010, Castellano et al. 2012].
Indeed, the detection capability of a network depends
on the density and distribution of seismic stations,
from their site conditions, recording characteristics and
from their data link to the processing center.

Earthquake catalogues are one of the most im-
portant products that seismic networks provide to the
scientific community and society. A good earthquake
catalogue is the first step to any seismotectonic study
and hazard assessment analysis. In Italy, both historical
[Rovida et al. 2011] and instrumental catalogues [Amato
etal. 1997, CSTI 1.0 Working Group 2001, Chiarabba et
al. 2005, Castello et al. 2006] have been of fundamental
importance for a better understanding of the geody-
namic processes of the Italian region. Regarding Mt.
Etna volcano, a first catalogue, which lists 1,055 seismic
events with Md > 2.5 in the 1988-2001 time interval, is
reported in Patane et al. [2004].

In this study, we present the first instrumental seis-
mic catalogue of Mt. Etna seismicity (2000-2010 time
period) resulting from the monitoring activities of the
Istituto Nazionale di Geofisica e Vulcanologia, Osser-
vatorio Etneo (INGV-OE). This catalogue is the result
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of a scientific working group that daily analyzes and
locates the earthquakes occurring in Mt. Etna area,
providing detailed information on the spatial and tem-
poral evolution of seismicity [Gruppo Analisi Dati Si-
smici 2015]. It is worth to highlight that a 1D velocity
model has been used since this catalogue has been
framed on the basis of the format of the Italian seis-
micity catalogue [Castello et al. 2006]. As indeed re-
ported by Chiarabba et al. [2005], a 1D crustal velocity
model yields a very good match of arrival times after
earthquake location.

This catalogue constitutes a valuable tool for the
seismic zonation of the territory and for detailed seis-
mological studies [e.g. Allard et al. 2006, Murru et al.
2007, Carbone et al. 2009, Traversa and Grasso 2010,
Cannata 2012, Cannata et al. 2013, Scarfi et al. 2013,
Sicali et al. 2014] aimed to the interpretation of the dy-
namics of the volcano (i.e. seismic tomography, stress
and strain field computation, etc.) with particular re-
gard to the most important volcanic eruptions. The
importance and uniqueness of this catalogue, unlike
other existing, is the massive presence of microseis-
micity which is essential to assess in detail the state of
Mt. Etna volcano. Indeed, these seismic data are used in
drawing up reports periodically and also during impor-
tant seismic or volcanic events, in order to alert regional
and national Civil Defense authorities, furnishing de-
tailed analysis on the spatial and time evolution of seis-
mic activity (earthquake locations, seismic strain release,
earthquake rate, etc.), in real time or near real time [see
Alparone et al. 2009].

2. Monitoring network

Systematic observations of seismic activity at Mt.
Etna began in 1967, when one mechanical seismometer
was permanently deployed in the southern flank of the
volcano, ca. 7 km apart from the summit craters [Bot-
tari and Riuscetti 1967]. Previous investigations were
limited to macroseismic observations and analyses of
seismograms registered by a mechanical instrument
and then collected by the astronomical observatory op-
erating at the University of Catania.

Itis only from the early 1990’s, thanks to the Istituto
Internazionale di Vulcanologia (IIV-CNR) and the Po-
seidon Project, which merged into the Istituto Nazionale
di Geofisica e Vulcanologia (INGV) in 2001, that seismic
data have been available in digital format for a consider-
able number of stations, that increased in time as well as
for three-component sensors (Figure 2a). In particular,
starting from 2005 the technology of several stations was
upgraded from analogic short period 1-component to
digital broad-band 3-component. Today, the permanent
seismic network, managed by Istituto Nazionale di

Geofisica e Vulcanologia Osservatorio Etneo - Sezione
di Catania (INGV-OE), consists, in the Mt. Etna area, of
about 50 stations equipped with broad band 3-compo-
nent seismometers (Figure 2b). All the important im-
provements have made it possible to increase the ability
to detect the seismicity, allowing recording and locating
even low energy events (magnitude >1.0).

3. Data analysis

Earthquake monitoring of Mt. Etna is performed
not only by means of an automatic system of earth-
quakes location [Patane and Ferrari 1999] designed for
surveillance purpose, but also by off-line tasks operated
by an expert scientific staff of analysts which daily rec-
ognizes, analyses and storages the seismic events oc-
curred in the area of Mt. Etna volcano. In detail, the
several different main tasks carried out by this scientific
staff, with high precision and regularity, is shown in
Figure 3. The elaboration begins with the visual inspec-
tion of the seismic signals continuously recorded by the
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Figure 3. Flowchart of the routine analysis developed by the scien-
tific staff for seismic monitoring of Mt. Etna volcano.
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Figure 4. An example of bitmap that encompasses 4 hours of seismic signal, showing several earthquakes belonging to a seismic swarm.

permanent network focusing only on volcano-tectonic
earthquakes [e.g. Patané and Giampiccolo 2004]. To
perform this task, seismic traces for selected stations are
drawn in form of “virtual/digital” drum recorder and
stored as bitmap (Figure 4). All local earthquakes rec-
ognized by visual inspection are classified by time of
recording and duration magnitude and used to com-
pute the earthquakes daily rate and the related seismic
strain release. Finally, all the hypocentral parameters of
earthquakes recorded at least at six stations are calcu-
lated and stored in the database of the INGV-OE (Fig-
ure 3; Gruppo Analisi Dati Sismici [2015]). Earthquakes
daily rate and associated seismic strain release are re-
ported in Figure 5. The magnitude of earthquakes is
calculated using the duration of the seismic event ac-
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Figure 5. Daily earthquake occurrence and related cumulated strain
release from 2000 to 2010. The periods marked in dark gray indicate
the main flank eruptions.

cording to Caltabiano et al. [1986] relationship. The seis-
mic energy (E) in Erg is computed using the relation-
ship logE = 9.9 +1.9M — 0.024M? [Richter 1958]. The
diagram (Figure 5) allows to highlight a background
seismicity overlapping seismic swarms, some of them
relevant both in number and energy released. These
seismic swarms occur both in correspondence of erup-
tive phases (i.e. 2001, 2002-2003, 2008-2009) and during
periods of normal background seismicity (2009, 2010;
Figure 5).

Earthquakes are located using the Hypoellipse al-
gorithm [Lahr 1989] and the 1D crustal velocity model
proposed for Etna area by Hirn et al. [1991] and subse-
quently modified by Patane et al. [1994]. Earthquakes
with most of first arrivals picked at the summit stations,
therefore falling within the volcanic edifice, were located
setting the top of the velocity model at 1,600 m above
the sea level. It is worth to highlight that only starting
from 2005, due to the improvement of Mt. Etna seismic
network and the installation of digital stations equipped
with broad band three component sensors, it has also
been possible to calculate the local magnitude by using
the amplitude of the horizontal ground displacements
of the earthquake [Richter 1935]. So, starting from 2005
two values of magnitude (in duration and local) are,
usually, associated to each earthquake.

In the time period considered, 16,845 earthquakes
have been recorded and only eight events have local
magnitude greater than or equal to 4.0. We located 6,330
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events (~40% of total), falling in a geographic area with
latitude between 37.50N and 37.90N and longitude
from 14.70E to 15.30E. The remnant 60% of recorded
earthquakes was not located because: (i) many earth-
quakes are of low energy and recorded only at a few
stations; (ii) a worse signal to-noise ratio, induced by
the increase of volcanic tremor observed during Mt.
Etna eruptions, obscures the first P-wave arrival; (ii1)
during the seismic swarms many events occur on the
tail of the previous ones, not allowing to recognize

properly the time arrival of P-phase.

About 37% of the located earthquakes has a mag-
nitude less than or equal to 1.5 (Figure 6) with a maxi-
mum value of 4.8 observed in the north-western flank
of the volcano (December 2009). Figure 7 shows the
number of earthquakes recorded and localized in the
time span 2000-2010 (on average 400-500 events for year
are located). Only in 2001, the seismic rate is of about
1,100 earthquakes due to the great seismic swarm oc-
curred during the onset of the eruption.
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Figure 10. Cross-sections (E-W, Figure 10a; N-S, Figure 10b) of earthquakes showed in Figure 9.

According to Patane et al. [2004], about 50% of
Mt. Etna earthquakes are shallow (focal depth < 5 km
b.s.1.) and mainly located in the eastern flank. As shown
in Figure 8, the seismicity is present in a wide range of
depth (up to 30 km); however most of it is concentrated
within the first 7 km depth.

The spatial distribution of seismicity evidences
several seismogenetic volumes characterized by differ-
ent seismic rates and focal depths. In the epicentral map
(Figure 9) it is clear that the eastern sector is seismically
very active and most of the seismicity is concentrated
therein. The epicenters are concentrated in the north-
eastern flank, along the Provenzana Pernicana Fault
System, in the Valle del Bove and in a wide sector to the
ESE of the Valle del Bove (Figure 9). The main charac-
ter clearly distinguishing the two flanks of the volcano
is the depth of the focii (Figures 9-10). In fact, in the
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Figure 11. Temporal trend of completeness magnitude (Mc) during
the 2000-2010 time span. The dashed line marks the standard deviation
value of Mc. The periods marked in gray indicate the main flank
eruptions.

eastern sector most of earthquakes are located within
7 km of depth and, the deepening of focii towards east
is evident (Figure 10a). Most of the epicenters are con-
centrated in the northeastern flank, along the Perni-
cana Fault System, in the Valle del Bove and in a wide
sector to the ESE of the Valle del Bove (Figure 9). Con-
versely, in the southwestern flank the seismicity is dis-
tributed along a wide zone between the summit craters
and the mid-southern flank of the volcano with
hypocenters between 5 and 15 km of depth. The north-
western sector is typically characterized by the deepest
seismicity of volcano with focii exclusively in the range
20-30 km of depth (Figures 9-10).

One of the most important parameter for the sta-
tistical analysis of seismicity is the completeness mag-
nitude (Mc), useful to classify a catalogue as complete.
In literature different techniques have been suggested
to compute Mc [e.g., Rydelek and Sacks 1989, Ogata
and Katsura 1993, Wiemer and Wyss 2000]. In the cat-
alogue, Mc may change over the time, generally decreas-
ing due to the improvements of the seismic stations and
the evolution of recording technology, therefore it can-
not be considered the same for the whole time period.
Figure 11 shows Mc over the time calculated by using the
ZMAP program developed by Wiemer [2001] and using
amoving windows of 250 earthquakes overlapped by 4.
It is worth to highlight that Mc mean value remains about
1.5 for almost the whole period, except for the 2001 and
2002-2003 and at the end of 2009 (Figure 11). These re-
sults are in good agreement with those obtained by
Murru et al. [2007] and Mantovani et al. [2012] who
used Mt. Etna earthquakes in the period 1999-2005 and
1997-2011, respectively. The increase of completeness
magnitude (Mc ~2.5) was observed in correspondence
of the three very strong seismic swarms occurred at
Mt. Etna during the onset of 2001 and 2002-2003 erup-
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Figure 12. Temporal evolution of the hypocentral parameters as-
sociated to seismic location during the analyzed period: (a) RMS;
(b) N.O.; (c) GAP; (d) ERZ; (e) ERH. See the text for further details.

tions [Allard et al. 2006] and during the strong seismic
sequence (Mc ~2.0) occurred in 2009 in the north-west-
ern flank of the volcano [Alparone et al. 2010].

In order to verify the evolution of the quality of the
main hypocentral parameters, we carried out their tem-
poral evolution in the time span 2000-2010 (Figure 12).
Nevertheless statistics on these parameters are obvi-
ously affected by earthquakes size (magnitude) and rel-
ative location respect to the seismic network. Hereafter
some general remarks:

RMS (Root-mean-square travel-time residual (s) -
Figure 12a): it is noteworthy that the class most repre-
sented is in the range 0.00-0.15 s with maximum values
within 0.3 s.

NO (Total number of P- and S-phase used in the
earthquake location - Figure 12b): the class most repre-
sented is in the range 11-20. Over time, the class 11-20
seems slightly decreasing, while the class represented
by the interval 21-30 and 31-40 tends to increase.

GAP (largest azimuthal separation, in degrees, be-
tween stations as seen from the epicenter; Figure 12¢):
the class most represented is in the range 91°-135°
while most of this value is within 180°. In particular, the
classes 46°-90° and 91°-135° show an increasing trend
over time, while the classes 226°-270° and 271°-315°
show a stationary trend. In addition, since 2007 it is pos-
sible to observe a slight increase in class 136°-180°.

ERZ (vertical location error in km - Figure 12d) and
ERH (horizontal location error in km - Figure 12e): for
both values, the class most represented is in the range
0.0-0.5 km, while most of these values are in the range
0.0-1.0 km. The error in the vertical coordinates (ERZ)
increases, over time, in the range 0.6-1.0 km. On the
other hand, the error in the epicenter coordinates
(ERH) seems to maintain a stable value.

The state of this parameters (see over the time the
increasing RMS values within the range 0.16-0.3 sec-
onds, the GAP increasing trend in the lowest values and
the increase error in the vertical coordinates ERZ) is
closely related to the improving of the seismic network
in quality and number of stations, which involved the
use of more P and S-phases during the time interval
considered.

4. Concluding remarks

An instrumental seismic catalogue is a fundamen-
tal tool for all research that aim to better understand
the dynamics and evolution of an active volcano such as
Mt. Etna.

The present seismic catalogue is the first complete
instrumental catalogue at Mt. Etna during a 10 years pe-
riod of observations (2000-2010) and it is the result of a
scientific working group (analysts) that daily analyzes
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and locates the earthquakes occurring in the Mt. Etna
area, providing detailed information on the spatial and
temporal evolution of seismicity. The importance and
uniqueness of this catalogue, unlike other existing, is the
massive presence of microseismicity, essential to assess in
detail the state of Mt. Etna volcano. Moreover, these seis-
mic data, which fall in monitoring activities of INGV-OE,
are usually used in drawing up periodic reports and also
during important seismic or volcanic events in order to
alert regional and national Civil Defense authorities.

Here the main features of the catalogue:

- 16,845 earthquakes have been recorded. About
6,330 seismic events have been located (~40% of total).
In particular, about 37% of the located earthquakes has
a duration magnitude less than or equal to 1.5. In the an-
alyzed period, only eight earthquakes with local magni-
tude greater than or equal to 4.0 were recorded, with the
largest one (M1=4.8) located in the north-western flank
of the volcano (December 2009). The seismicity of the
volcano is strongly characterized by seismic swarms,
relevant both in number and energy released;

- all earthquakes were located using a 1D crustal
velocity model;

- the spatial distribution of seismicity allowed to
highlight several seismogenetic areas characterized by
different seismic rates and focal depths;

- for the investigated period, we carried out the
completeness magnitude (Mc). It is almost always equal
to 1.5 except in three periods where Mc reaches the
value of 2.5;

- a time trend of the quality hypocentral location
parameters is carried out. The good values allow us to
affirm the high reliability of the seismic locations.

Our future aim is to adopt a location procedure,
simple to use for monitoring purposes, which allows to
overcome the limitations imposed by the use of less ad-
vanced algorithms. This catalogue will be also periodi-
cally updated in order to provide to the scientific
community and to the society an useful and valuable
tool to get a complete picture of the seismicity of this
volcano. Data are freely available (see the Appendix).
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Appendix

Data distribution of catalogue on the internet

The catalogue is available on the internet at http://
sismoweb.ct.ingv.it/ Catalog 2000-2010 web page of
INGV-OE (Earthquake database) and it is updated peri-
odically. After having accessed the main page of the data-
base, the data contained in the catalogue can be viewed
and extracted through the ‘Catalogue search’ page. A
main menu is displayed with some choices relating to the
area of interest and the depth and magnitude range of
the events that the user wishes to consider.

Description of the catalogue fields

1D
Identification number of the event.

YE, MO DA
Year, month and day of the earthquake.

HR, MI, SE
Occurrence time of the earthquake reported as
hour, minute and second.

MD
Duration magnitude.

ML
Local magnitude.

LAT and LONG
The location of the epicentre is expressed in degrees
and thousandths as latitude North and longitude East.

DEPSL
Depth below sea level (km).

DEPGL
Depth below ground level (km).

NO
Total number of P- and S-phases used in the earth-
quake location

RMS

Root Mean Square of the arrival time-residuals ex-
pressed in second and associated with the hypocentral
computation.

GAP
Largest azimuthal separation, in degrees, between
stations as seen from the epicenter.
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ERZ
Vertical location error (km).

ERH
Horizontal location error (km).
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